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Flavor content of nucleon form factors in the space- and time-like region
Roelof Bijkera ∗
aICN-UNAM, AP 70-543, 04510 Me´xico DF, Me´xico
I discuss a two-component model of nucleon form factors in which the external photon
couples both to an intrinsic three-quark structure and to a meson cloud via vector-meson
dominance, and present a simultaneous analysis of the electromagnetic form factors of the
nucleon in the space- and time-like regions as well as their strangeness content.
1. INTRODUCTION
The structure of the nucleon is of fundamental importance in nuclear and particle
physics [ 1]. It has been investigated for many decades, from the measurement of the
anomalous magnetic moment of the nucleon in the 1930’s [ 2], the radius in the 1950’s [
3], to the discovery of point-like constituents in the 1960’s [ 4].
Recent experimental data on electromagnetic form factors, such as the momentum de-
pendence of the ratio of electric and magnetic form factors of the proton from polarization
transfer experiments [ 5, 6], the strange form factors of the proton from parity-violating
electron scattering (PVES) experiments [ 7] and the ratio of electric to magnetic form
factors in the time-like region from electron-positron annihilation experiments [ 8], have
provided new and unexpected insights into the structure of the nucleon and the underlying
dynamics of nonperturbative QCD.
The aim of this contribution is to present a simultaneous analysis of the electromagnetic
form factors of the nucleon in the space- and time-like regions as well as their strangeness
content.
2. NUCLEON FORM FACTORS
Electromagnetic form factors are key ingredients in the understanding of the internal
structure of composite particles like the nucleon since they contain the information about
the distribution of electric charge and magnetization. The electric and magnetic form
factors, GE and GM , are obtained from the Dirac and Pauli form factors, F1 and F2, by
the relations GE = F1 − τF2 and GM = F1 + F2 with τ = Q2/4M2N .
The recent polarization transfer data for the proton form factor ratio are in excellent
agreement with the predictions of a two-component model of the nucleon [ 9] in which
the external photon couples both to an intrinsic structure and to the intermediate vector
mesons (ρ, ω, φ) via vector-meson dominance (VMD). In its original version, the Dirac
form factor was attributed to both the intrinsic structure and the meson cloud, and the
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2Pauli form factor entirely to the meson cloud. In a modified version [ 10], it was shown
that the addition of an intrinsic part to the isovector Pauli form factor as suggested by
studies of relativistic constituent quark models in the light-front approach [ 11], improves
the results for the elecromagnetic form factors of the neutron considerably.
In order to incorporate the contribution of the isocalar (ω and φ) and isovector (ρ)
vector mesons, it is convenient to introduce isoscalar and isovector Dirac and Pauli form
factors. The isoscalar form factors contain the couplings to the ω and φ mesons [ 9]
F I=01 (Q
2) =
1
2
g(Q2)
[
1− βω − βφ + βω m
2
ω
m2ω +Q
2
+ βφ
m2φ
m2φ +Q
2
]
,
F I=02 (Q
2) =
1
2
g(Q2)
[
αω
m2ω
m2ω +Q
2
+ αφ
m2φ
m2φ +Q
2
]
, (1)
and the isovector ones the couplings to the ρ meson [ 10]
F I=11 (Q
2) =
1
2
g(Q2)
[
1− βρ + βρ
m2ρ
m2ρ +Q
2
]
,
F I=12 (Q
2) =
1
2
g(Q2)
[
µp − µn − 1− αρ
1 + γQ2
+ αρ
m2ρ
m2ρ +Q
2
]
. (2)
This parametrization ensures that the three-quark contribution to the anomalous mag-
netic moment is purely isovector, as given by SU(6). The intrinsic form factor is a dipole
g(Q2) = (1+ γQ2)−2 which coincides with the form used in an algebraic treatment of the
intrinsic three-quark structure [ 12]. The large width of the ρ meson which is crucial for
the small Q2 behavior of the form factors, is taken into account in the same way as in [
9, 10]. For small values of Q2 the form factors are dominated by the meson dynamics,
whereas for large values they satisfy the asymptotic behavior of p-QCD, F1 ∼ 1/Q4 and
F2 ∼ 1/Q6 [ 13].
3. FLAVOR CONTENT
The flavor content of the electromagnetic form factors of the nucleon can be studied by
combining the nucleon’s response to the electromagnetic and weak neutral vector currents
[ 14]. The strange quark content is of special interest because it provides a direct probe of
the quark-antiquark sea. It can be determined assuming charge symmetry and combining
parity-violating asymmetries with measurements of the electric and magnetic form factors
of the proton and neutron [ 15, 16].
In VMD models, the strangeness content of the nucleon form factors arises through the
coupling of the strange current to the isocalar vector mesons ω and φ [ 17]. Under the
assumption that the momentum dependence of the strange form factors is the same as
that of the isoscalar ones, the strange Dirac and Pauli form factors are expressed as [ 18]
F s1 (Q
2) =
1
2
g(Q2)
[
βsω
m2ω
m2ω +Q
2
+ βsφ
m2φ
m2φ +Q
2
]
,
F s2 (Q
2) =
1
2
g(Q2)
[
αsω
m2ω
m2ω +Q
2
+ αsφ
m2φ
m2φ +Q
2
]
. (3)
3The isocalar and strange couplings appearing in Eqs. (1) and (3) depend on the same
nucleon-meson and current-meson couplings [ 17] and are constrained by the electric
charges and magnetic moments of the nucleon
βsω/βω = α
s
ω/αω = −
√
6 sin ǫ/ sin(θ0 + ǫ) , αω = µp + µn − 1− αφ ,
βsφ/βφ = α
s
φ/αφ = −
√
6 cos ǫ/ cos(θ0 + ǫ) , βφ = −βω tan ǫ/ tan(θ0 + ǫ) , (4)
with tan θ0 = 1/
√
2. The angle ǫ represents the deviation from the ideally mixed states
|ω0〉 = (uu¯+ dd¯)/
√
2 and |φ0〉 = ss¯. Here we use the value ǫ = 0.053 rad (or 3.0◦) which
was determined from the radiative decays of the ω and φ mesons [ 19].
4. RESULTS
4.1. Space-like form factors
In order to calculate the nucleon form factors in the two-component model, the five
remaining coefficients, γ from the intrinsic form factor, the isoscalar couplings βω and αφ,
and the isovector couplings βρ and αρ, are determined in a least-square fit to the electric
and magnetic form factors of the nucleon [ 10, 18].
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Figure 1. Comparison between the experimental and theoretical form factor ratios Rp =
µpGEp/GMp (left) and Rn = µnGEn/GMn (right). The experimental data are taken from [
5] (circles), [ 6] (triangles) and [ 20] (squares). The solid line represents the present calculation
and the dotted line [ 9].
Fig. 1 shows the form factors ratios for the proton and neutron. The linear drop in
the proton form factor ratio was predicted as early as 1973 in a VMD model [ 9] (dotted
line) and later also in a chiral soliton model [ 21]. The experimental data for the neutron
form factor ratio [ 20] are in agreement with [ 9] for small values of Q2, but not so for
4higher values of Q2. The present calculation (solid line) is in good agreement with the
data, especially for the neutron.
4.2. Strange form factors
The strange form factors are obtained by combining Eqs. (3) and (4) with the fitted
values of βω and αφ [ 18, 22]. Figure 2 shows the strange electric and magnetic form factors
as a function of Q2. The qualitative features of these form factors can be understood easily
in the limit of ideally mixed mesons, i.e. zero mixing angle ǫ = 0◦ (in comparison with
the value of ǫ = 3.0◦ used in the present calculations). In this limit, the Dirac form
factor vanishes identically and the Pauli form factor only depends on the tensor coupling
αsφ. Therefore, the strange magnetic form factor G
s
M = F
s
2 drops as 1/Q
6 and has the
same sign as αsφ (positive), whereas for small values of Q
2 the strange electric form factor
GsE = −τF s2 is suppressed by τ = Q2/4M2N .
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Figure 2. Comparison between theoretical and experimental values of the strange electric (left)
and magnetic (right) form factor. The experimental values are taken from [ 23, 24, 25] (squares),
[ 24] (circles) and [ 26] (triangles). The lattice results are taken from [ 27] (stars).
The theoretical values for GsE are small and negative, in agreement with the experimen-
tal results of the HAPPEX Collaboration in which GsE was determined in PVES from
4He
[ 23, 24]. The values of GsM are positive, since they dominated by the contribution from
the Pauli form factor. The sign and magnitude are in agreement with the experimental
result from SAMPLE [ 25]. A global fit of all measurements at Q2 = 0.1 (GeV/c)2 gives
GsM = 0.18 ± 0.27 [ 24]. The other experimental values of GsE and GsM in Fig. 2 for
0.4 < Q2 < 1.0 (GeV/c)2 were obtained [ 26] by combining the (anti)neutrino scattering
data [ 28] with the parity-violating asymmetries [ 7, 29]. The strange magnetic moment
is calculated to be µs = 0.315 µN , whose sign is in contradiction with most theoretical
calculations [ 15, 16], but in agreement with the available experimental data [ 24, 25, 30].
5Recent lattice calculations of the strange magnetic moment give a small negative value
µs = −0.046± 0.019 µN [ 27].
Most available data on strange form factors are for linear combinations of electric and
magnetic form factors GsE + ηG
s
M [ 7, 24, 29, 30, 31]. An analysis of these data shows a
good overall agreement with the theoretical values of the two-component model [ 18, 22].
4.3. Time-like form factors
For a global understanding of the structure of the nucleon it is important to study
the nucleon form factors in the time-like region as well [ 32, 33, 34]. Whereas in the
space-like (SL) region (Q2 > 0) the electromagnetic form factors can be studied through
electron scattering, in the time-like (TL) region (q2 = −Q2 > 0) they can be measured
through the creation or annihilation of a nucleon-antinucleon pair. SL nucleon form
factors are real because of the hermiticity of the electromagnetic interaction, while TL
form factors are complex. Theoretically, they are related by analytic continuation Q2 =
−q2 → q2 exp (−iπ): F (SL)(Q2) → F (TL)(q2). The analytic structure of the form factors
leads to a rigorous prescription of their asymptotic behavior via the Phragme`n-Lindelo¨f
theorem [ 35]
lim
Q2→∞
F (SL)(Q2) = lim
q2→∞
F (TL)(q2), (5)
implying that in the asymptotic limit the imaginary part of the TL form factors vanishes,
whereas the real parts of the TL and SL form factors coincide. In previous studies of
TL form factors in the two-component model [ 10, 36] a phase was added to the intrinsic
part in order to move the singularity at q2 = 1/γ from the real axis. This extra phase
has however the disadvantage that the Phragme`n-Lindelo¨f theorem is no longer satisfied
[ 35].
Fig. 3 shows that the present calculation agrees with the recent BABAR data [ 8] close
to threshold (q2 = 4M2N ) and for large values of q
2, but shows serious discrepancies for
intermediate values. At the moment, the available experimental information does not
allow to separate the contributions from the electric and magnetic form factors, nor to
measure their relative phase. In the extraction of |GMp| from the data it was assumed
that |GEp| = |GMp| which is true at threshold, but not in general.
Polarization observables are sensitive probes of different models of the nucleon, as can
be seen in the second panel of Fig. 3 which shows a comparison of different theoretical
predictions for Py ∝ Im(G∗EGM). The present calculation is the only one for which Py
vanishes in the asymptotic region, as required by the Phragme`n-Lindelo¨f theorem.
5. SUMMARY AND CONCLUSIONS
In this contribution, I presented the results of a simultaneous study of the nucleon
form factors in the space- and time-like regions as well as their strangeness content. The
analysis was carried out in a VMD approach in which the two-component model of Bijker
and Iachello for the electromagnetic nucleon form factors [ 10] is combined with the
method proposed by Jaffe to determine the strangeness content via the coupling of the
strange current to the φ and ω mesons [ 17]. The strange couplings are completely fixed
by the electromagnetic form factors of the proton and neutron.
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Figure 3. (left) Comparison between theoretical and experimental values of the time-like proton
magnetic form factor |GMp |. The experimental values are taken from [ 8] under the assumption
|GEp | = |GMp |. The solid line represents the present calculation and the dotted line [ 36]. (right)
Comparison of different predictions for Py. The solid line represents the present calculation, and
the others are taken from [ 37].
A comparison with the available experimental data on the space-like form factors and
their strange quark content shows that the present approach provides a simultaneous and
consistent description of the electromagnetic and weak vector form factors of the nucleon.
The strangeness contribution to the charge and magnetization distributions is of the order
of a few percent [ 22]. Future experiments on PVES to backward angles and neutrino
scattering will make it possible to determine the contributions of the different quark flavors
to the electric, magnetic and axial form factors, and thus to gain new insights into the
complex structure of the nucleon.
However, in the time-like region there are some serious discrepancies. The present
results point once again to the inconsistency between space-like and time-like data already
noted in [ 10, 32, 36]. In the extraction of the experimental values of the proton magnetic
form factor it is assumed that |GEp| = |GMp| which is true at threshold, but not for
q2 > 4M2N . For the neutron, the electric form factor is assumed to be zero |GEn| =
0. A remeasurement of the time-like data in which the contributions of the electric
and magnetic form factors are separated, as well as a measurement of the polarization
observables and a determination of the relative phase of electric and magnetic form factors
may help to resolve this inconsistency.
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